This stUdy demonstrates how phototransduction cascades and membranes tune photoreceptor response dynamics to image quality, and eliminate noise introduced in cell signalling. Intracellular record~gs from intact retina confirm that the light-adapted photoreceptors of the crane fly Tipula pa/udosa (Diptera; Tipulidae) have a slow response, appropriate for their visual ecology. To provide a slow response, the phototransduction cnscade's impulse response fails to narrow with lightadaptation, despite reductions in the timescales of latency and quantum bumps. The photoreceptor membrane acts as a passive RC-filter, because fight induced depolarization inactivates voltagegated potassium currents. The frequency response of the membrane equals the cascade's and, as a result, the membrane is a matched filter that suppresses photon shot noise. This type of broad-band filter, matched to the predictable dynamics of preceding processes to remove noise, could be widely employed in vision and in many other chains of cellular communication.
INTRODUCTION
In both vertebrate and invertebrate photoreceptors, the voltage signal transmitted to output synapses is the product of two sets of mechanisms, the phototransduction cascade and the electrical components of the photoreceptor membrane. In the phototransduction cascade, light acts via rhodopsin, second messenger systems and light-gated conductances to vary the current flowing across the photoreceptor membrane. Modulation of the light-gated current produces a voltage response that depends upon the electrical properties of the photoreceptor membrane. Consequently, the amplitude and time course of a voltage signal are determined by the sensitivity and kinetics of the phototransduction cascade on the one hand, and the capacitance and conductance of the membrane on the other. A variety of conductances have been described in photoreceptor membranes and these play essential roles in opposing the light-gated current and filtering the voltage signal (Fain & Lisman, 1981) .
Different types of photoreceptor, both vertebrate and invertebrate, employ different sets of light insensitive conductances in their membrane, and these promote the transmission of biologically relevant signal components (Attwell, 1986; Barnes, 1994; Vallett & Coles, 1993; Laughlin & Weckstr6m, 1993) . In blowfly photoreceptors, light induced depolarization activates a delayed rectifier potassium conductance which, by reducing the membrane time constant, allows the membrane to code *Department of Zoology, University of Cambridge, Downing Street, Cambridge CB2 3EJ, U.K.
the fast signals that are generated during rapid flight (Weckstr6m et al., 1991) . Laughlin and Weckstr6m (1993) undertook a comparative study to test the hypothesis that these delayed rectifier channels are expressed in the membrane of fly photoreceptors for the specific purpose of promoting the cell's frequency response. Their comparison took, as its starting point, the proposal that photoreceptor response dynamics are matched to an animal's visual ecology (Autrum, 1950; Howard et al., 1984; de Souza & Ventura, 1989) . The photoreceptors of fast moving diurnal species have fast responses for coding rapidly moving images, while the photoreceptors of slow moving and nocturnal species do better with slow responses. Intracellular recordings were made from the retinas of 20 species of Diptera and these demonstrated a variety of photoreceptor response waveforms and frequency responses that correlated with visual ecology and the type of potassium conductance expressed in a photoreceptor (Laughlin & Weckstr6m, 1993) . Fast moving diurnal Diptera have fast photoreceptors with excellent frequency responses (comer frequencies of 40-100 Hz) and these all employ a delayed rectifier similar to the blowfly's. Bibionid photoreceptors exhibit a sexual dimorphism in both frequency response and membrane conductance. Most importantly, the slow moving crane flies (Tipulidae) have slow photoreceptors with comer frequencies below 20 Hz, even when fully light-adapted. These slow cells all lack the delayed rectifier that is invariably found in fast photoreceptors. The slow cells express a voltage sensitive potassium conductance that activates transiently and resembles channels found in Drosophila (Hardie, 1991a) . This correlation between visual ecology, response dynamics and potassium conductance strongly suggests that the wide variety of 1530 S.B. LAUGHLIN available potassium channels is being exploited to tune photoreceptors to the bandwidth of available signal (Laughlin & Wec~tr6m, 1993; Cuttle et al., 1995; Weckstr6m & Laughlin, 1995) . The description of slow photoreceptors raises an interesting question regarding the design of phototransduction cascades. Tipulid photoreceptors are slow because they fail to accelerate their response upon light adaptation (Laughlin & Weckstr6m, 1993) . Are these slow cells breaking the general rule that photoreceptors reduce the time scale of their response when they light adapt (Fuortes & Hodgkin, 1964; Zettler, 1969; Pinter, 1972; Baylor & Hodgkin, 1974; Howard et al., 1984; Glantz, 1991) ? These slow responses also raise questions about the role played by the photoreceptor membrane in filtering signals. Does the phototransduction cascade accelerate with light adaptation in the usual manner, leaving the membrane to retard the light-adapted response? What roles do the transient voltage-gated potassium conductances play in filtering slow signals? Preliminary observations suggested that these transient conductances are inactivated when the cell is depolarized by steady light:--a strategy that has the advantage of metabolic economy (Laughlin & Weckstr6m, 1993) . However, it has recently been found that the voltage operating ranges of the inactivating conductances found in Drosophila photoreceptors are shifted to more depolarized levels by the neuromodulator 5-HT and the potassium conductances in locust photoreceptors can be modulated both by 5-HT, and diurnally (Cuttle et al., 1995) . Given these precedents, are the potassium channels of light-adapted slow cells brought back into play by modulation? The study presented here addresses these questions by making intracellular recordings from photoreceptors in the intact retinas of tipulids. The experiments determine the temporal response characteristics of both the phototransduction cascade and the photoreceptor membrane under dark-adapted and light-adapted conditions. The findings demonstrate an elegant compromise, whereby the cascade and the membrane have identical frequency responses, so contributing equally to the cell's slow response. By equating frequency responses, the membrane acts as a matched filter and removes much of the shot noise that was generated by the molecular processes of phototransduction. Thus tipulid photoreceptors demonstrate how a cell signalling system can exploit the predictability imposed by the transfer function of one component to reduce the unpredictability introduced by the molecular mechanisms of phototransduction.
METHODS

Animals
Adult crane flies, Tipula paludosa, were caught locally in September and early October, maintained on a normal day-night cycle at room temperature, and used within 48 hr of capture.
Preparation
All experiments were performed between 10.00 hr and 19.00 hr to ensure that the eye was in its day state . The head and thorax were immobilized with insect wax, taking care to keep the spiracles free, and to allow ventilatory movement of the abdomen. A small (<100/zm dia) hole was cut in the dorsal cornea for electrode insertion, and sealed with silicon high vacuum grease.
Recordings, current clamp and voltage clamp
The techniques proven in previous studies of Dipteran photoreceptors (Weckstr6m et al., 1991; Laughlin & Weckstr6m, 1993) were used. In brief, borosilicate micropipettes, filled with 2.5 M KCI and with resistances in the range 75-150 Mf~, were lowered into the retina through the small hole in the cornea. The indifferent electrode was a chloridized silver wire inserted in the contralateral retina. Successful penetration of a photoreceptor was indicated by a resting potential of at least -50 mV, a large input resistance and capacitance, and a highly sensitive response to light. The best cells could be held for well over an hour. Data from cells with low or unstable resting potentials were rejected. Signals were amplified using an Axoclamp 2A amplifier and digitized and stored on disk using an Axon Instruments interface and software (TL-1 or Digidata 1200; PClamp5). This data acquisition system also controlled the current and voltage clamp experiments. Current injections and voltage clamp were performed with a single microelectrode, using switched clamp. The headstage voltage was continuously monitored to allow for the best setting of the capacitance compensation and switching rate (2.5-4.5 kHz). All voltage clamp current records were leak subtracted, usually on-line, using templates obtained by imposing negative voltage steps from a holding potential of -95 mV.
Optical stimuli
A photoreceptor was illuminated by a small light source positioned at the point of maximum sensitivity within the cell's receptive field. This source was either the exit aperture of a fluid filled light guide, transmitting white light from a 450 W Xenon arc lamp that operated with optical feed-back stabilization, as described previously (Laughlin & Weckstr6m, 1993) , or a green high intensity LED. The intensity of the light source was controlled by placing neutral density filters in front of the eye. As previously described (Laughlin & Weckstr6m, 1993) , the unattenuated light guide had an intensity eight times that of full sunlight. Cells were fully light-adapted, as judged from measurements of shot noise and impulse responses, when the light guide was attenuated by 3 log units. An equivalent degree of light adaptation was achieved by the unattenuated LED. This equivalence is in accordance with calibrations of the relative intensities of the LED and the light guide, made by counting quantum bumps in blowfly photoreceptors. To a blowfly photoreceptor, the unattenuated LED was equivalent to the light guide attenuated by c. 2.5 log units. Although not precisely calibrated, one can be confident that the stimuli that achieved full light adaptation in the tipulid were in the mid-to upper photopic range.
Adaptation protocols
Cells were deeply dark-adapted for at least 30 min, to ensure that the experiments covered the full adaptation range of day state photoreceptors. Over half of these dark-adapted cells produced obvious quantum bumps (>1 mV amplitude) in response to dim flashes [e.g. Fig.  8(a) ]. After measurements of impulse response, membrane time constant and, where applicable, quantum bumps, these cells were progressively light-adapted by applying a series of backgrounds, with intensities increasing in 1 log unit steps. The process of light adaptation had to be gradual because, as found in other insect retinas, the application of a saturating photopic background to a dark-adapted cell destabilized the recording. Each cell was held at a given background for at least 2 rain before measuring the impulse response, the membrane time constant and episodes of light induced noise. The impulse response was often redetermined at the end of this run, to check for stability. The cell was then briefly returned to darkness (for c. 30 sec) to allow filters to be changed, and to check the resting potential. This protocol was repeated, with backgrounds increasing by 1 log unit until a fully light-adapted state (-3 log units Xenon light or an unattenuated LED) was reached, or the cell was lost. In several cases, photoreceptors that had been fully light-adapted were subsequently dark-adapted and regained sufficient sensitivity to produce clear quantum bumps. The absolute value of membrane potential was continuously monitored and data rejected if cells depolarized significantly (>5 mV) during a set of measurements. Such depolarization invariably signalled a decline in recording quality and the cell was abandoned at this point.
Voltage impulse responses and their analysis
A photoreceptor's voltage impulse response, v(t), was measured by averaging the voltage responses to brief (1-3 msec) flashes, either delivered in darkness (averaged 50 times at a repetition rate of 1 flash per sec), or in the presence of a continuous background light (averaged 100-200 times at a repetition rate of 2 flashes per sec). The response amplitudes (<5 mV for dark-adapted cells and <2.5 mV for light-adapted cells) fell within the linear range (Laughlin & Weckstr6m, 1993) , permitting conversion of impulse responses into frequency responses, as follows. Each averaged impulse response was zeroed to a baseline, set by taking the mean of 20-50 data points at the beginning of the record, measured prior to the development of the response. The data points preceding the first detectable rise in response were then set to zero to remove the brief voltage transient induced by triggering the stimulus. To improve the frequency resolution, the record was extende~i to 2048 pointa by adding zeroes to the end. This extended record was fast Fourier transformed to derive its power spectrum. In order to compare and average the different impulse responses, each waveform was normalized to unit peak amplitude, and fitted with the log-normal function (Payne & Howard, 1981) :
where t is time after flash delivery, tp is the time to peak of the impulse response, and ~ is the width factor that determines the ratio between impulse response duration and time to peak. This model provides a precise and economical two parameter description of impulse responses.
Derivation of the cascade current impulse response
The cascade current impulse response, i(t), is defined as the time course of the current injected across the membrane by the phototransduction cascade in response to a brief flash. As demonstrated in the Results, the photoreceptor membrane acts as a passive RC filter. In this case i(t) can be estimated by correcting the recorded voltage impulse response, v(t), for the low-pass filter properties of the passive membrane, as specified by its measured time constant, Zm. This correction was carded out in the frequency domain using the relationship
where fis frequency, l(f) and V(f) are the complex Fourier transforms of i(t) and v(t) respectively, and Z(f) is the complex impedance of the membrane, as specified by its resistance R m and time constant Zm, according to
All responses are normalized to Rm=l, and Z(f) reduces to the normalized transfer function for the membrane, l(f) was inverse transformed to yield the cascade current impulse response i(t). Note that this procedure greatly amplifies high frequency noise because Z(f) is extremely small whenfis large. Much of this noise was removed by setting all of the voltage frequency components above 60 Hz to zero. This low-pass filtered response was always compared with the unfiltered version to check for distortion. Cascade current impulse responses were fitted by the log-normal model [Eqn (1) 
Noise analysis
Noise levels were measured during exposure to constant background lights. The voltage noise was amplified xlO0 to reduce quantization artefacts, and filtered by an 8-pole Butterworth filter with a cut-off frequency set either to 250 Hz for noise recorded in dim light, or to 500 Hz for noise recorded+ in bright light. To avoid aliassing errors at the higher frequencies, the amplified and filtered signal was oversampled by digitizing at a rate that was approximately four times the filter cut off frequency (digitization at 1024 Hz or 2048 Hz). Records showing significant baseline drift were rejected. Each noise power spectrum was obtained by ensemble averaging the spectra obtained by fast Fourier transformation of eight segments of 1048 samples. Each segment was zeroed, relative its mean. With this many moderately long segments, windowing was found to be superfluous . These raw power spectra were then corrected for instrumental noise by subtracting the power spectrum measured under identical filtering and sampling protocols, immediately following withdrawal of the electrode from the cell. When obtaining these measures of instrumental noise, great care was taken to ensure that the electrode was not blocked. The membrane potential had to have returned to within 5 mV of zero and the electrode resistance restored to its unblocked value. Following the subtraction of instrumental noise, the power spectra were corrected for the filtering effects of the measured membrane time constant, Tin, by dividing through by the frequency response of the membrane Pro(D:
This inverse filtering greatly amplified high frequencies, hence the care taken to avoid aliassing and to correct for instrumental noise. To estimate the time constant of the shot events generated in the phototransduction cascade, the corrected spectra were truncated in the region 70-100 Hz, where noise power fell to a constant low level, and then fitted with a single Lorentzian
where Pn(f) is the noise power at frequency f, and Zn is the mean duration of the noise event.
RESULTS
Tipulid cells are strongly depolarized by light
The mean resting potential of tipulid photoreceptors is -63.0 mV + 7.9 mV SD; n = 68. Light elicits a depolarizing receptor potential of up to 60 mV peak amplitude and, in voltage clamp, this response takes the form of a large inward current [ Fig. l(a) ]. Voltage clamp of the flash response [Fig. l(b) and (c)] suggests that this lightgated inward current has a mean reversal potential of -7.1 mV_+2.5 mV SD; n = 4, compared to a reversal potential of +8 mV in Drosophila (Hardie et al., 1993) . The kinetics of the flash induced current change with holding potential, particularly in the vicinity of the reversal potential. Depolarization slows both the rising and falling phases of the response [Fig. l(b) ]. This effect has been observed in isolated Drosophila photoreceptors, and is attributed to positive and negative feed back effects, mediated by calcium influx through the lightgated channels (Hardie, 1991b) .
Tipulid photoreceptors are extremely sensitive, generating large quantum bumps in response to single photons, and saturating at moderately low light levels (Laughlin & Weckstrrm, 1993) . Saturation is relieved by an adaptation of response, the voltage declining from a peak to a steady background level of depolarization [Fig. l(a) ]. The average membrane potential of cells exposed to the brightest photopic backgrounds used in these experiments (Methods) is -39.5 mV+8.3 mV; n = 21. For these 21 cells, this membrane potential corresponds to an average depolarization from rest of 23.2 mV. Voltage clamp recordings show a sharp decline in lightgated inward current during adaptation [ Fig. l(a) ], suggesting that a decline in the gain of the transduction cascade plays an important role in reducing sensitivity. The photomechanical pupil mechanism of tipulids takes many seconds to respond and is, therefore, incapable of reducing the light-gated current significantly during the relative brief stimulus used in this voltage clamp experiment [ Fig. l(a) ].
Voltage-gated outward conductances are activated and inactivated by depolarization
When unstimulated photoreceptors are depolarized, in voltage clamp, from holding potentials that are at or below resting potential (-65 to -85 mV), voltage-gated potassium conductances produce a prominent outward current (Laughlin & Weckstr6m, 1993) . This voltagegated current exhibits the large transient and smaller sustained components [ Fig. 2(a) ] that typifies high sensitivity cells with a slow response (Hardie, 1991a; Laughlin & Weckstr6m, 1993; Weckstrrm, 1994; Cuttle et al., 1995) . When tipulid photoreceptors are voltage clamped and held 20-30 mV above resting potential (membrane potentials between -45 and -35mV), further depolarization activates the smaller sustained component but the transient component is negligible [ Fig. 2(b) ]. This voltage clamp experiment, repeated on 15 cells, demonstrates that the transient current is inactivated when the membrane is depolarized to the level that is maintained by photopic background lights.
The large transient component is also inactivated when a photoreceptor is depolarized by a bright background light. When cells are continuously illuminated at photopic levels, and are held by voltage clamp at the potential induced by the background light, a further depolarization evokes the small sustained current. In the five brightly illuminated cells subjected to this more demanding protocol, the transient current was negligible or totally absent [ Fig. 2(d) ]. This finding demonstrates that light does not restore the transient current by shifting its operating range to more depolarized levels. The sustained current evoked in a dark-adapted cell depolarized under voltage clamp tends to be larger than the current evoked by an identical voltage clamp protocol applied in the light [ Fig. 2(b) vs (d) ]. The change in current is small and is compatible with the voltage sensitivity of the light-gated current (Hardie, 1991b) , but a light induced modulation of the sustained current cannot be dismissed.
Does light inactivate the transient conductance solely by depolarizing the membrane? When a brightly illuminated cell is voltage clamped and held at or below the normal dark resting potential (-65 mV or -85 mV), the transient current reappears and is similar to the current elicited in darkness [ Fig. 2(c) ]. In the five strongly light-adapted cells tested with this demanding protocol, hyperpolarization under voltage clamp invariably restored the transient current, even after several minutes illumination at daylight levels. These experiments demonstrate that, as suggested by preliminary measurements of cell input resistance (Laughlin & Weckstr6m, 1993) , illumination inactivates the transient current. This inactivation is mediated by membrane depolarization and second messenger signals associated with phototransduction are not necessarily involved.
The membrane of the light-adapted photoreceptor acts as a passive RC filter
Current was injected into photoreceptors to determine the influence of the membrane's electrical properties on voltage responses. In dark-adapted cells both the waveform of the voltage response to injected current, and the curve relating voltage response amplitude to injected current exhibit the pronounced rectification brought about by activation of the transient outward current (Fig. 3, DA) . However, when a cell is depolarized by steady bright light, rectification is greatly reduced. The voltage response to injected current has a waveform that approximates the response of a passive membrane and the curve relating voltage to current is approximately linear (Fig. 3, LA) . Given the results of the voltage clamp experiments (Fig. 2) , this degree of linearity is not unexpected. The large transient conductance is inactivated by the light induced depolarization. In addition, the small sustained conductance activates too rapidly to produce obvious inflections in the waveform and, in the presence of the larger light-gated conductance, is insufficient to introduce significant rectification. When a light-adapted cell is hyperpolarized by injected current, it exhibits a pronounced early rectification (Fig. 3 , LAhyperpol.), as expected from the observation that, under voltage clamp, hyperpolarization of a light adapted cell restores the transient conductance.
Because the membrane is predominantly passive, its temporal filter properties are dictated by its time constant, Zm [Eqn (3)]. This critical parameter was readily measured in current clamp, by separately averaging the voltage responses to small positive and negative pulses of injected current (0.02 or 0.05 hA), and fitting single exponential functions to the rising and falling phases. The quality of the fit was extremely high (Fig. 4) , confirming that the membrane is acting as a passive RC filter. The mean membrane time constant, Zm, of 17 light-adapted cells was 11.6 msec_+ 4.2 msec. The average resistance, obtained from measurements of the steady state polarization was 49.4 Mfl_+ 13.3 Mf~, yielding a mean capacitance of 290pF_+81 pF. These input resistances are remarkably high for intracellular recordings from lightadapted insect photoreceptors (Laughlin & Weckstr6m, 1993; Weckstr6m, 1994) , implying small light-and voltage-gated conductances. In five instances it was possible to make measurements in a cell that was initially deeply dark-adapted (i.e., producing quantum bumps) and then subsequently light-adapted to daylight levels. The mean input resistance fell from a dark-adapted 68.4 Mf~_+ 20 Mf~ to a light-adapted 39.1 MQ_+9.9 Mf~ and this fall was accompanied by a reduction in membrane time constant, Zm, from 18.9 msec_+ 6.43 msec to 12.0 msec _+ 2.3 msec. These values give an apparent capacitance for dark-adapted cells of 279 pF_+61 pF, and for light-adapted of 304 pF+57 pF. The relatively small change in apparent capacitance from dark to light suggests that the transient conductances exert little influence on the charging curve for the darkadapted membrane, at least when small currents are used. 
The passive membrane slows the response of lightadapted cells
To what extent does the membrane time constant determine the dynamics of the photoreceptor's voltage response? Response dynamics are economically described by the impulse response, evoked by a brief flash of light that is presented either to a dark-adapted cell, or to a cell that is tonically depolarized by a steady background of daylight intensity (Howard et al., 1984; Laughlin & Weckstr6m, 1993) . About half of the darkadapted impulse responses were elicited by averaging the responses to flashes that produced single quantum bumps. These highly sensitive responses had the same average time course as those recorded from cells that failed to produce clearly resolvable bumps. There is no doubt, therefore, that the dark-adapted data represent a deep state of adaptation. Low amplitude impulse responses were averaged over 50-200 presentations to obtain a reliable measures, and these were Fourier transformed to yield power spectra (Methods).
To determine the membrane's contribution to the dynamics of voltage signals, the cell's time constant was measured either immediately before or immediately after the measurement of an impulse response. This time constant was then applied to the voltage response to light in order to derive the waveform of the current injected across the membrane by the transduction cascade (Methods). In essence, the frequency components of the voltage signal were boosted in power and shifted in phase by the amounts that reversed the effects of the membrane time constant. These corrected frequency components were then inverse Fourier transformed to yield the impulse response that drove the membrane, prior to RC filtering [ Fig. 5(a) and Co)]. This corrected impulse response should correspond to the current activated by the phototransduction cascade. In three of the best cells encountered, there was sufficient recording time to measure this cascade current impulse response directly by voltage clamping the photoreceptor at the membrane potential induced by the background, and measuring the time course of the inward current evoked by a brief flash. This control confirmed that the cascade current impulse response obtained by deconvolution of the voltage response corresponds to the impulse response of the light-gated current [ Fig. 5('o) ]. Voltage impulse responses and membrane time constants were measured in >40 cells and the corresponding cascade current impulse responses derived by correcting for the effects of the membrane time constant. In both light and dark-adapted cells, the membrane time constant always makes the voltage impulse response broader than the cascade current impulse and delays its peak (e.g. Fig. 5 ).
The photoreceptor membrane is a filter, matched to the phototransduction cascade
Precisely how much does the photoreceptor membrane filter signal as it converts the current injected by the cascade to a voltage response, and does the membrane's effect change with adaptation state? These questions were addressed by evaluating the measurements of voltage impulse responses and membrane time constants, and the corresponding estimates of cascade current impulse responses. The average impulse responses, cascade current and voltage, of dark and light-adapted cells were obtained by fitting a log-normal function [Methods--Eqn (1)] to each individual response [Fig. 5(a) ] and taking the means of the log-normal parameters, the time to peak and width factor ( Table 1 ). The excellent fits of the log-normal to both voltage and cascade current impulses [ Fig. 5(a) ] and the modest standard deviations of the log-normal parameters (Table 1) suggest that the set of average impulse responses provide accurate measures of response dynamics.
The averaged impulse responses demonstrate that light adaptation has a significant effect on the response The membrane time constants given here are averaged over the set of cells in which these impulse response measurements were made. The dynamics of the voltage and cascade current impulse responses are expressed in terms of the two free parameters of the log-normal model (Payne & Howard, 1981) , the time to peak, tp and the width factor a [Methods, Eqn (1)]. Table 1 ]. This reduction in time to peak is accompanied by an increase in the relative width of the impulse response, as expressed by the factor tr in the lognormal model (Table 1) . Inspection of the cascade current impulse response reveals the cause of this apparent widening. Although its latency is reduced by light adaptation, the width of the cascade current impulse response is almost unchanged [ Fig. 6(c) ]. The comparison between the average cascade current and average voltage impulse responses (Fig. 6 ) confirms the observation made on individual cells [ Fig. 5(a) ], that the membrane significantly delays and broadens the voltage response.
Response dynamics and coding are most conveniently assessed by converting the average impulse responses and average membrane time constants into frequency responses (Fig. 7) . The corner frequency of the voltage response, defined as the -3 dB point on the power spectrum, shifts from 9.3 Hz dark-adapted to 9.5 Hz light-adapted. This small shift in comer frequency results from a decrease in membrane time constant (Table 1) . The comer frequency of the passive membrane, taken from measurements of the cells whose impulse responses were derived (Table 1) , increases from 11 Hz darkadapted, to 13.7 Hz light-adapted. By comparison, the comer frequency of the cascade remained virtually constant, close to 14.5 Hz. Note that the frequency responses of the cascade and membrane are very similar when dark-adapted, and almost identical when lightadapted (Fig. 7) .
Three conclusions may be drawn from the derivation and comparison of the frequency responses of the phototransduction cascade and the photoreceptor membrane. First, there is only a marginal improvement in the photoreceptor's overall frequency response with light adaptation, and this is primarily due to the reduction in membrane time constant that accompanies the light induced increase in conductance. Second, light adaptation reduces the latency of the cascade's response, but not its width. Third, the membrane acts as a passive matched filter, converting current into voltage with a frequency response that is very similar to the power spectrum of the signal delivered to it by the phototransduction cascade. In the next section it is demonstrated that, as one might expect of a filter whose frequency response follows the signal it receives (e.g. Bialek & Owen, 1990) , this passive membrane is very effective at suppressing broad-band noise whilst preserving the signal components of the photocurrent.
The passive membrane removes shot noise
Phototransduction generates substantial levels of shot noise, because the absorption of photons by photopigment molecules is a Poisson process (Yeandle, 1958; Lillywhite, 1977) , and transducer noise is injected by ms after flash FIGURE 6. The average voltage and cascade current impulse responses obtained by taking the mean Of the log-normal parameters that were fitted to individual responses (Table 1) 
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unidentified processes within the second messenger cascade (Lillywhite & Laughlin, 1979) . The resulting noise has a power spectrum that depends upon the durations of the elementary voltage events, the quantum bumps, produced by each absorbed photon. The duration and amplitude of these bumps decreases as the photoreceptor light adapts, primarily through changes in the amplification and response dynamics of the phototransduction cascade (Dodge et al., 1968; Wong, 1978) . The reduction in bump duration is usually associated with a shortening of the impulse response (Wong et al., 1982; Nagy, 1991 this introduce high frequency shot noise that is then attenuated by matched filtering? Changes in the appearance of the voltage fluctuations induced by illumination suggest a reduction in bump duration (Fig. 8) . At very low light levels, discrete quantum bumps lasting 50 msec or more are observed. At slightly higher light levels, the bumps fuse to generate slow fluctuations of large amplitude. With stronger backgrounds, the noise fluctuations decrease in both amplitude and duration. To estimate the effect of light adaptation on bump duration, noise power spectra were measured at different light levels and then corrected for the frequency response of the membrane, as determined from measurements of membrane time constant made under identical stimulus conditions, either immediately before or after the noise recordings. Because the correction for the low-pass filter properties of the membrane multiplies the high frequencies by large values, a great deal of care was taken to obtain accurate noise power spectra (Methods). After correcting for the membrane's filter properties it becomes clear that light adaptation considerably broadens the bandwidth of photoreceptor noise. To estimate the underlying reduction in bump duration, a noise event time constant was derived by fitting the corrected spectra with single Lorentzian functions (Fig. 9) . These fits showed that light adaptation reduces the noise event time constant, Ze, from a dark-adapted value of 17.6 msec___ 7.1 msec SD; n = 20, to a fully light-adapted value of 4.75 msec_ 1.35 msec; n = 15. By comparing the corrected noise power spectrum, corresponding to fluctuations in current produced by the phototransduction cascade, with the raw power spectrum of the voltage signal (Fig. 9 ) we see that matched filtering by the passive membrane substantially reduces high frequency noise. The attenuation of noise is particularly pronounced in light-adapted cells. For the cell illustrated in Fig. 9 , the attenuation of high frequencies by the membrane reduces the total noise power by 75%, over the bandwidth 1-100 Hz. frequency, Hz FIGURE 9. Noise power spectra recorded from a cell when dark-adapted and light-adapted showing the raw spectrum obtained from the voltage, the spectrum corrected for the effects of the measured membrane time constant and the single Lorentzian of time constant, z,, fitted to the corrected spectrum. The Lorentzian describing the light-adapted spectrum is plotted on the same axes as the dark-adapted data ( .... LA) to show how much light adaptation broadens the noise power spectrum. All spectra are plotted on the same power scale (in arbitrary units). (Laughlin & Weekstrrm, 1993) . The tipulid eye only images low spatial frequencies because of its blurred optics and low sampling density . These low spatial frequencies will not be converted to high temporal frequencies in single photoreceptors because the animal moves and turns slowly. A rapid response would also entail unnecessary metabolic expense because it requires a high membrane conductance to reduce the membrane time constant (Weckstr6m et al., 1991; Laughlin & Weckstr6m, 1993) .
All cells encountered in the day-state retina produced slow responses and there is no evidence for faster photoreceptors. The slow cells might have been drawn from a distinct anatomical class, the central photoreceptors of each ommatidium (R7 and R8) because, in the day state, the peripheral cells (R1-6) are heavily screened with pigment (Williams, 1980) . However, the peripheral cells are unlikely to have fast responses because, like vertebrate rods (Sterling, 1990) , they are designed for high sensitivity and low acuity night vision . Tipulid photoreceptors have a slow response at all light levels because they fail to accelerate their dynamics during light-adaptation (Figs 6 and 7). Note that many of the cells used here were dark-adapted deeply enough to generate large quantum bumps, and bump duration was greatly reduced by light. Consequently, these cells' failure to speed up their responses cannot be an artefact produced by inadequate dark-adaptation.
The maintenance of a slow response at all light levels is unusual. Most photoreceptors, vertebrate and invertebrate (Fuortes & Hodgkin, 1964; Zettler, 1969; Pinter, 1972; Baylor & Hodgkin, 1974; Wong, 1978; Howard et al., 1984; Glantz, 1991) , significantly increase their response speed during light adaptation. A major aim of this study has been to identify the specializations responsible for maintaining the tipulid photoreceptor's slow response. Two specializations have been identified. First, the phototransduction cascade that links the absorption of light by rhodopsin to the activation of membrane channels has kinetics that are uniquely insensitive to adaptation state. Second, when the current flowing through these channels changes the membrane potential, the response is slowed still further by the electrical time constant of the membrane. The close correspondence between the frequency responses of these two sets of processes (Fig. 7) suggests that the photoreceptor is carefully engineered at the cellular and molecular level, to filter incoming signals appropriately. These specializations and their relationship to adequate function will be considered in turn.
Specialization of the phototransduction cascade
The tipulid's phototransduction cascade undergoes most of the changes that typify light-adaptation in arthropod photoreceptors. The sharp decline in lightgated current during a prolonged light pulse signifies a large fall in the caseade's gain [ Fig. l(a) ]. The sensitivity of the flash response to holding potential [Fig. l(c)] suggests that the cascade's kinetics are strongly influenced by an early positive feedback and a delayed negative feedback, both of which are mediated by calcium (Hardie, 1991b) . This light induced reduction in gain is associated with a dramatic reduction in quantum bump duration. Noise analysis shows that the time constant of shot events, corresponding to quantum bumps (Dodge et al., 1968) , is reduced from 17.6 to 4.75 msec. This reduction exceeds the 20 to 11 msec change observed in Limulus (Wong et al., 1980 (Wong et al., , 1982 and approaches the reduction from 26 to 2.0 msec seen in the exceptionally fast cells of blowflies Barash et al., 1988) . Light adaptation also decreases the tipulid's response latency, shortening the time to peak of the cascade current impulse response from 37 to 27 msec (Table 1) . However, this 10 msec reduction is modest when compared to other invertebrate photoreceptors (Glantz, 1991) , where changes of 20-30 msec are commonly observed, particularly in the exceptionally fast cells of diurnal insects (Howard et al., 1984) .
The tipulid's phototransduction cascade has one exceptional property. The width of the cascade current impulse response is not significantly reduced by light adaptation (Fig. 6) , despite the modest reduction in response latency and the large reduction in bump duration. In other arthropod photoreceptors, light adaptation reduces all temporal response parameters (Fuortes & Hodgkin, 1964; Zettler, 1969; Pinter, 1972; Wong et al., 1982; Howard et al., 1984; Glantz, 1991) , and the time to peak and width of the impulse response usually decrease by the same proportion. This scaling allows the lognormal model to account for light induced changes in the impulse response by varying a single parameter, the time to peak (Payne & Howard, 1981) . One exception to proportional scaling is the blowfly, where the width of the impulse response reduces by a larger factor than the time to peak to produce an exceptionally fast response (Howard et al., 1984) . In the tipulid the opposite trend is observed--the time to peak of the impulse response decreases but the width does not. These functionally significant deviations suggest that the scaling of temporal parameters does not represent inviolable constraints imposed by the biophysics of phototransduction (Howard et al., 1984) .
How is the width of the cascade's impulse response maintained? The molecular determinants of response dynamics are not understood, but the cascade's impulse response represents the convolution of the quantum bump latency dispersion with the quantum bump duration (Wong et al., 1980) . There is increasing evidence that the amplitude, duration and latency dispersion of quantum bumps vary independently (Wong et al., 1980; Nagy, 1991; Barash et al., 1988) . The tipulid photoreceptor appears to be exploiting this flexibility. During lightadaptation the quantum bump duration is greatly reduced, probably to reduce the cascade's gain but, unlike other insect photoreceptors, the latency dispersion is little affected. Thus the increased temporal resolution provided by short bumps is sacrificed to maintain a slow response.
Given the appropriateness of the tipulid photoreceptor's slow response (Laughlin & Weckstr6m, 1993) and the fact that photoreceptor response dynamics contributes to the optimal tuning of early vision (van Hateren, 1992; Laughlin, 1994) , the components of the phototransduction cascade have probably been selected and arranged to produce a unique set of sensitivities, dynamics and light adaptation properties. These properties will vary from species to species to suit particular lifestyles, photic habitats and optical resolving powers.
Matching the photoreceptor membrane to the phototransduction cascade
The tipulid photoreceptor illustrates a well established principle, signal shaping by the light insensitive components of the photoreceptor membrane (Fain & Lisman, 1981; Attwell, 1986) , but this new example is unusual in two respects. First, passive membrane properties are used. To achieve the requisite membrane time constant, the voltage sensitive conductances normally associated with signal shaping and filtering (Attwell, 1986; Barnes, 1994; Weckstr6m & Laughlin, 1995) , are largely inactivated. Second, the low-pass frequency response of the passive membrane is precisely matched to the frequency response of the phototransduction cascade (Fig. 7) .
Low pass filtering by the passive membrane suppresses the high frequency shot noise that is produced by the random activation of brief quantum bumps (Fig. 9) . The signal is much less affected because the phototransduction cascade transmits very little power at high frequencies (Fig. 7) . A similar form of passive filtering is performed by the second order large monopolar cells (LMCs) of the blowfly compound eye (van Hateren & Laughlin, 1990) . The frequency response for the passive transmission of graded signals along the LMC axon follows the spectrum of the signal, as determined by the low-pass properties of phototransduction. Again, passive low pass filtering by the membrane selectively eliminates high frequency shot noise but in the LMC this noise is generated during synaptic transmission. This filtering strategy requires that a slow signal is carded by the superposition of many brief events and its successful implementation depends upon an accurate specification of phototransduction dynamics, and of membrane geometry and conductance.
In the tipulid photoreceptor the match between the frequency response of the phototransduction cascade and the frequency response of the passive membrane is exact enough (Fig. 7) to suggest optimization. Bialek and Owen (1990) have derived an optimum retinal filter for coding signals contaminated with noise, and this has a frequency response that follows the signal to noise ratio at its input, frequency by frequency. Their intracellular recordings from salamander retina suggested that bipolar cell responses match the dynamics of rod transduction and take no account of the frequency distribution of the optical signals received by rods. To explain this discrepancy, Bialek and Owen (1990) made the sensible suggestion that the bipolar cells implement a "first stage" filter, matched to the certain dynamics of transduction. Optimal filtering, based on the spectra of optical signal components is left to a later "second stage" filter. By matching the frequency response of the membrane to the frequency response of the phototransduction, the tipulid photoreceptor implements Bialek and Owen's (1990) optimal "first stage" filter. However, given that the slow voltage response of the entire photoreceptor suits the frequency content of optical signals (Laughlin & Weckstr6m, 1993 ) the tipulid cell could also be operating as Bialek and Owen's "second filter". This observation suggests that the tipulid photoreceptor implements a more economical strategy that combines both filters within a single cell. The phototransduction cascade and the membrane contribute equally to a low-pass filter with an overall frequency response that is matched to the signal's. By equating cascade and membrane frequency responses, the membrane acts as the 'first stage' filter, matched to the dynamics of phototransduction. To implement this strategy the tipulid's phototransduction cascade generates short quantum bumps with a prolonged latency dispersion and the electrical properties of the membrane are adjusted to produce a matching frequency response.
The proposal that retinal coding exploits the certainty of transduction dynamics to optimally filter signals is not new. The predictive coding implemented by second order neurons in the blowfly eye removes temporal correlation introduced by the shape of the photoreceptor's impulse response (Srinivasan et al., 1982) . The discovery of more retinal filters matched to phototransduction (Bialek & Owen, 1990; van Hateren & Laughlin, 1990) suggests that filters matched to the predictable dynamics of a previous operation could be employed at higher levels of retinal and visual processing. Indeed, there is good reason to suspect that this type of matching is a general principle that will extend to many aspects of cellular communication. Cell signalling is both deterministic and stochastic. Signalling is deterministic because it involves well defined sets of cellular operations, applied to non-random signals. These constraints shape the signal spectrum. Many cellular and molecular signalling mechanisms are stochastic and introduce shot noise. It follows that chains of communication, be they molecules, cells or circuits, can benefit by equating the frequency responses of successive links, as demonstrated here by tipulid photoreceptors.
